Guanosine tetra-and pentaphosphate, (p)pp~pp, can be synthesized in vitro in a reaction containing only the enzyme (stringent factor), salts, and substrates (nonribosomal system). This reaction is greatly stimulated upon addition of methanol (methanol system) or by ribosomes, mRNA, and tRNA (ribosome system). Here we show that several ribosomal proteins alone stimulate the synthesis of (p)ppGpp in the presence of stringent factor (protein system) The optimal ionic conditions for the ribosome and protein systems are identical. The concentration of ribosomes or any stimulating ribosomal protein required for saturation of a given concentration of stringent factor is similar. Fifty of 54 ribosomal proteins were tested for stimulation in the protein system; 15 proteins showed high activity, seven of these from the 30S ribosomal subunit and eight from the 50S subunit. The physiological relevance of this finding is discussed.
Synthesis of stable RNA in most Escherichia coli strains is immediately curtailed when the cells are deprived of a required amino acid, a response termed stringent. Under such conditions, Cashel and Gallant (1) found a rapid accumulation of the unusual guanosine tetra-(ppGpp) and pentaphosphate (pppGpp). Transcription of ribosomal RNA genes is specifically inhibited by ppGpp in vitro (2, 3) .
Study of in vitro systems for (p)ppGpp synthesis has shown that the pyrophosphate transfer from ATP to GDP or GTP, yielding, respectively, ppGpp or pppGpp, requires a factor, washed off ribosomes of stringent E. coli strains by 0.5 M NH4CI, termed stringent factor (SF), (molecular weight 77,000; 4-7). An SF-ribosome-mRNA complex is activated for (p)ppGpp synthesis by codon-specific binding of nonacylated tRNA in the ribosomal A-site (8, 9) .
With a partially purified SF, Sy et al. (10) demonstrated that (p)ppGpp synthesis can proceed in the absence of ribosomes, mRNA, and tRNA when SF is incubated in a mixture of buffer, salts, and substrates in presence of 20% methanol. This indication that SF carries the catalytic site has been further strengthened by the finding that a 95% pure preparation of SF synthesizes (p)ppGpp at a significant rate in the presence of only buffer, salts, and substrates (5) .
Here we report that several basic E. coli ribosomal proteins stimulate (p)ppGpp synthesis in a system with optima identical to those of the ribosome system with respect to ions, temperature, and pH, but in the absence of ribosomal particles, mRNA, and tRNA. On the basis of this finding, a tentative site for SF interaction on the ribosome is proposed.
Abbreviations: ppGpp, guanosine 5'-diphosphate,3'-diphosphate; pppGpp, guanosine 5'-triphosphate,3'-diphosphate; (p)ppGpp, ppGpp and pppGpp; SF, stringent factor; TPx, total proteins from ribosomal particle x; 1 A20 unit, that amount of material that gives an absorbance of 1 when dissolved in 1 ml of solvent when the light path is 1 cm.
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MATERIALS AND METHODS E. coli strain A19 RNase-, relA' (11), grown in L-medium (12) at 370 and harvested at an OD4W = 1.5, was used as the source of all bacterial components with the exception of SF. E. coli strain NF952, single lysogenic for XCI857 d(relA +,pyrC+ ), was obtained from N. Ffil. The strain was grown in L-medium with 1% glucose at 320, induced by elevating the temperature to 450 for 20 min at OD4go = 5.0, and allowed to express the X-carried genes for 2 hr at 370 before being harvested. These cells served as the source of SF, the relA-gene product.
[a-32P]GTP was purchased from the Radiochemical Centre, Amersham, England; bovine serum albumin and dithioerythritol from Serva, Heidelberg, Germany; GTP, ATP, poly(U), and tRNAPhe from Boehringer, Mannheim, Germany; and polyethyleneimine thin-layer sheets from Macherey-Nagel & Co., Dfiren, Germany.
Ribosomes and Ribosomal Subunits, Proteins, and RNAs were prepared essentially as described (13, 14) . Ribosomes and ribosomal subunits were stored at -80°in buffer A (10 mM Tris-acetate, pH 7.8 at 00, 14 mM Mg-acetate, 60 mM KC1, and 1 mM dithioerythritol), ribosomal proteins in TM4 buffer (10 mM Tris-acetate, pH 7.5 at 0°, 4 mM Mg-acetate).
Concentration of ribosomal proteins was estimated by absorbance at 230 nm. Urea activation of ribosomal proteins was achieved by dialyzing the protein solution against TM4 containing 6 M urea for 1.5 hr at 40, followed by three changes of 100 volumes of TM4, each for 1 hr.
High-Speed Supernatant and 1 M NH4CI Ribosomal Wash were prepared as described (15) . Stringent Factor (SF) was purified from total cell lysates, according to the method of Pedersen (7), and stored in buffer B [10 mM 12 gl of the reaction mixture was withdrawn and pipetted into 1 ul of 88% formic acid to terminate the reaction. The reactions were followed for 150 and 60 min (protein and ribosome system, respectively). The samples were stored at 00 for at least 20 min and then centrifuged for 2 min in an Eppendorf laboratory centrifuge. Ten microliters of the resulting supernatant was applied to polyethyleneimine thin-layer sheets, dried, desalted by methanol wash, and developed with 1.5 M KH2PO4, pH 3.4 (17) . The resulting chromatograms were radioautographed; the spots corresponding to various guanosine derivatives were cut and their radioactivity was determined; and the percent (p)ppGPP synthesized was calculated.
]RESULTS SF-dependent (p)ppGpp synthesis is stimulated in a ribosome system using factor-free 70S ribosomes, mRNA [poly(U)], and deacylated tRNA (tRNAPhe) (8, 9) . Fig. 1 ions are strongly inhibitory, and the degree of inhibition is equivalent to that observed in the ribosome system (10) .
The maximal SF activity obtained in the protein system is about 10% of that in the ribosome system. The rate of synthesis plotted against the concentration of added components results in curves of a similar shape for ribosomal proteins and ribosomes in their respective systems, and the saturating level is reached at the same molar concentration of added components (see Fig.  1 ). Ribosomes and ribosomal RNA have no effect in the protein system, neither do poly(U) and tRNA alone or in combination.
The specificity of the ribosomal proteins in stimulating SF activity is demonstrated in Fig. 2 wash, which is rich in various translational factors, shows background activity only. The rate of (p)ppGpp synthesis increased proportionally with S-100 concentration; at the highest concentration tested, which corresponded to 300 A 2w units/ml of 70S ribosomes, the rate was increased by a factor of two. Since the S-100 in control experiments did not show detectable degradation of (p)ppGpp but only conversion into ppGpp, the rate of accumulation is the rate of synthesis. A 2-fold stimulation in the rate of synthesis is obtained at a TP70 concentration equivalent to 2 A260 units/ml of 70S ribosomes. Thus, we conclude that the S-100 fraction does not contain stimulating proteins in significant concentrations.
In order to identify the ribosomal proteins responsible for the stimulating effect of the TP70 fraction, purified proteins isolated by standard procedures (18, 19) were activated by urea (see Materials and Methods) and tested in the protein system. Each protein was tested at a concentration of 10-6 M; in those cases where SF-stimulating activity was observed, the rate of (p)ppGpp synthesis was measured at various concentrations. The initial slope a of the saturation curves was used as a measure of stimulating activity (see Fig. 3 ). Table 2 ). Since both parameters were taken into account, the a values of identically numbered groups differ between those composed of 50S and those composed of 30S proteins. Examples of saturation curves from each group are illustrated in Fig. 3 . It is clear, for example, that the curves from the proteins of group II differ significantly from those of groups IV and V. Group I (no effect) and group II (slight effect) comprise 29 proteins. Group III (notable effect) consists of six proteins (S15, S21, L17, L19, L21, and L23), group IV (medium effect) of nine proteins (S12, S13, S18, L2, L5, L13, L16, L18, and L22) with remarkably high stimulatory activity. Six proteins (S4, S7, S9, Sll, L15, and L20) exerting the highest stimulation, form group V (large effect). S13 is listed in group IV, although its a value is as high as the one of proteins in group V; however, the saturation curve for S13 is of the type characteristic for group IV proteins (see Fig. 3 ). For similar reasons L5 is listed in group IV instead of in group III. To verify the unexpectedly high number of stimulating proteins, we prepared various LiCl-split and core protein fractions derived from 30S and 50S subunits, respectively, and partially fractionated the proteins of each fraction by Sephadex G-I00 gel filtration (I3, 20, 21) . The column fractions were tested in the protein system. Agreement with the stimulatory effects of the purified proteins was excellent. In no case did a Sephadex-fractionated protein reveal stimulating activity when the corresponding purified one was inactive. All proteins active in the protein system, when purified, were also active after partial purification by Sephadex gel filtration, with the exception of the four proteins S15, L13, L17, and L21, in which only very moderate activity was detected in the G-100 eluates (data not shown). The isoelectric point (pKi) for each protein was taken from ref. 29 . a is a measure of the stimulatory effect of a protein on the (p)ppGpp synthesis in the protein system, and is the initial slope of a curve of the rate of (p)ppGpp synthesis plotted against the concentration of the ribosomal protein concerned (see Fig. 3 ). a is given as mol of (p)ppGpp synthesized per hr divided by mol of protein multiplied by 10-2. nd, not done.
DISCUSSION
system is identical to the highly specific ribosome system with respect to optimal conditions (see Results), except that mRNA and tRNA are totally dispensable in the protein system but indispensable in the ribosome system. The dependence on effector concentration (ribosomes or ribosomal proteins) is similar for the two systems, and saturation is reached at the same molar (Table 2) . Clear, group I and II; with broad hatching, group III; with narrow hatching, group IV; black, group V.
concentration of added components (Figs. 1 and 3) . (ii) No other components of E. coli cell cytoplasm except ribosomal proteins stimulate SF activity (Fig. 2) . Most ribosomal proteins differ from the majority of cytoplasmic proteins in having high pKi values. Although all the SF-stimulating proteins have pKi values higher than 8, the majority being higher than 12, no strong correlation between pKi and a is present (Table 1) , and a high pKi is evidently not sufficient for stimulation of SF (see SS, S14, L6, and L14). (iii) The location of the SF-stimulating proteins on schematic models, which summarize our present knowledge of protein-protein localization in the ribosomal subunits, is striking (Fig. 4) . The stimulating proteins are not randomly distributed in these models; the most active proteins of group V make up a center surrounded by the less actively stimulating proteins. Furthermore, a comparison can be made with the three-dimensional model of the SOS ribosome, as determined by immunoelectron microscopy (ref. 22 ; Fig. 5 ). All the SOS proteins of groups III-V (see Table 2 ) show antigenic determinants on the "head" of the 30S subunit. [An antigenic determinant, 12A, from S12 (not seen in Fig. 5 ) was found close to IRB (22) .] In addition, no antigenic determinant of any nonstimulating protein was found in that region of the "head" area, where the antigenic determinants of the stimulating proteins are clustered. Thus, there is a strong correlation between our data and the three-dimensional 30S model. Not enough data are available from similar studies of the 50S subunit to make an analogous comparison. The striking way in which our data can be fitted to the three-dimensional model of the 30S subunit strongly supports the idea that the same proteins that stimulate the SF activity in the protein system also interact with SF when they are located in the ribosome. If this is the case, then SF would bind to that part of the 30S "head" not covered by the 50S subunit (see Fig. 5 ).
SF does not compete either with the binding of elongation factors or with their function (23) . Therefore, it is an obvious assumption that SF can remain bound to the 70S ribosome during protein synthesis. Nonacylated tRNA in the ribosomal A-site triggers the (p)ppGpp synthesis of SF, possibly by a conformational change of the ribosome and/or, SF. Thus, the binding of SF alone to the ribosome is not sufficient to induce the (p)ppGpp-synthesizing activity of the factor, in contrast to the protein system in which a single interaction between the factor and a ribosomal protein can lead to (p)ppGpp synthesis.
The effects of TP30 and TP50 in the protein system are not additive even at the lowest concentration (Fig. 1) (24, 25) . Such interactions may also explain that four proteins (S15, L1S, L17, and L21) show only poor activity after partial separation, whereas the same proteins when highly purified exhibit a strong stimulation.
Protein LiI weakly stimulates SF activity. According to our model, this protein should not be a major component in SF binding to the ribosome. An alteration of LII is caused by a mutation from stringent to relaxed E. coli strains in the re1C gene (26) . relC-ribosomes bind SF as efficiently as relC+ ribosomes do (unpublished results), in good agreement with our model of SF binding.
Stimulation of SF by the 50S ribosomal proteins L7/L12 was never observed in our study, neither when prepared by standard procedures (19) nor when obtained by the NH4Cl/ethanol splitting procedure (27) . In contrast to this result, Block and Haseltine (5) reported stimulation of SF by L7 and L12. This discrepancy could be due to the absence of bovine serum albumin in their system; high protein concentrations stabilize SF (7). Thus, a nonspecific stimulation may be achieved by addition of, for example, L7/L12, when the initial protein concentration is low.
Another physiological relevance of our findings may lie in the regulation of ribosomal protein synthesis. Recent studies (28) have indicated that ppGpp specifically inhibits the production of ribosomal proteins coded for by X-transducing phages in a DNA-dependent protein synthesis assay. Since an increased free pool of any of the SF-stimulating proteins would result in an increased rate of ppGpp synthesis, presumably raising the concentration of ppGpp, such a mechanism could exert a fine control of the production of ribosomal proteins.
